SUMMARY Hypothermic synchronized retroperfusion (HSRP) was applied in closed-chest dogs after acute coronary occlusion to determine whether this intervention can significantly retard the otherwise rapidly developing irreversible ischemic injury. The left anterior descending coronary artery (LAD) was occluded for 3 hours in 22 dogs and for 6 hours in 16 dogs. Starting 30 minutes after occlusion, HSRP was applied during maintained coronary occlusion in 21 dogs. The remaining dogs served as untreated controls. Arterial blood was cooled to 20°C and retroperfused in diastole into the regional coronary veins. Hemodynamics, contrast cineangiography and two-dimensional echocardiography were measured sequentially. Glycogen-depleted ischemic areas and necrotic zones were delineated in transverse slices of the left ventricle.
closed chest after a cool-down period of 2-3 hours, using externally applied or systemically administered whole-body hypothermia,1 2 and recent investigations reported that such an approach improved cardiac function and reduced infarct size." 3 However, a delay of even 2 hours after an acute coronary occlusion may result in substantial irreversible damage.4' 1 Therefore, we examined closed-chest intracoronary techniques aimed at rapidly instituted regional hypothermia to an acutely underperfused ischemic zone.
Antegrade intracoronary delivery of cooled arterial blood beyond a coronary obstruction is one method for extending ischemic tissue viability. We chose the more practicable coronary venous retrograde route to promptly produce hypothermia in an acutely ischemic segment of the left ventricle, hoping to enhance the safety and effectiveness of closed-chest synchronized retroperfusion.67 Our objective has been to develop a prompt hypothermic assist capable of significantly extending viability and enhancing function of jeopardized acutely ischemic myocardium. We report an exploratory experimental study of hypothermic retroperfusion applied in the earliest stage after acute coronary occlusion.8' 9
Methods
The study was performed in 38 healthy closed-chest mongrel dogs that weighed [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] kg. Each dog was placed on a special table to facilitate echocardiographic, fluoroscopic and cineangiographic studies. VOL 65, No 7, JUNE 1982 Anesthesia was induced by administering sodium pentobarbital (35 mg/kg i.v.) 20 minutes after 1 mg/kg of i.m. morphine sulfate. Heparin (10,000 IU i.v.) was given before instrumentation, followed by 3000 IU every 3 hours. Supplemental pentobarbital was administered when required. Saline was drip-infused at a rate of 150 ml/hour.
A #4F intracoronary double-lumen balloon catheter was introduced under fluoroscopic control into the left anterior descending coronary artery (LAD), and the balloon was inflated for acute coronary occlusion at a site distal to the first diagonal branch of the LAD. After catheterization and completion of instrumentation, the preparation was allowed to stabilize for 30 minutes. Before occlusion and subsequently at regular postocclusion intervals up to 3 or 6 hours, aortic root, left ventricular (LV) and distal LAD coronary pressures were measured with Statham P23Db transducers. ECGs and blood pressures were recorded (Model V12, Electronics for Medicine, Honeywell). Magnified LV end-diastolic pressure, along with LV dP/dt derived by electrical differentiation, were also monitored. Cardiac output was measured by thermodilution (American Edwards Laboratories). Blood Po2, Pco2 and pH were monitored by sampling from the aortic root and through the central lumen of the LAD catheter. Temperatures were recorded in the closed-chest dog study at three sites: at the extracorporeal synchronized retroperfusion (SRP) pump, in the dog's rectum and within the LAD distal to the balloon occlusion.
Synchronized Retroperfusion System
An experimental closed-chest SRP system7 was modified to incorporate cooling of the pumped blood ( fig. 1 ). Arterial blood was shunted from the dog's brachial or carotid artery into a phased gas-actuated bladder pump synchronized by conventional counterpulsation ECG-triggering (Phased Shift Balloon Pump, A. Kantrowitz). The arterial blood was propelled forward in diastole for ischemic zone retroinfusion, and flow was stopped in systole to facilitate normal coronary venous drainage. A single-lumen autoinflatable balloon catheter was used to achieve retrograde diastolic infusion through the regional great cardiac vein subserving the occluded LAD. The balloon inflated rapidly when catheter intraluminal pressure was generated during diastolic retroinfusion; this compartmentalized the great cardiac vein in diastole, so that retroinfusate was effectively directed to the ischemic region, with minimal bypassing to the coronary sinus. The balloon collapsed promptly when retroinfusion ceased at the onset of systole to permit coronary venous blood drainage around the retroperfusion catheter into the coronary sinus. Coronary contrast venography confirmed the rapidity of this phasic action; it demonstrated extensive diastolic penetration of retroinfusate into the plexus of small coronary veins located within the region distal to LAD occlusion, as well as effective emptying in systole through the major coronary veins.
Arterial blood was cooled by passing a coiled can- 
Measurement of LV Function
LV ejection fraction was measured by contrast cineangiography or two-dimensional echocardiography (2D echo) (model 850A, Advanced Technology Laboratories). Because of its noninvasive character and comprehensive imaging of the left ventricle, 2D echo was also used to sequentially quantitate changes in global and regional cardiac function resulting from the HSRP intervention. Several short-axis and one long-axis 2D echo sections of the left ventricle were imaged. LV volumes and ejection fractions could be reconstructed from 2D echo section areas and LV length, in a manner described and validated.10 Endo- CI RCULATION 1436 cardial outlines of the ventricular lumen were planimetered to compute the sectional systolic fractional area change (FAC), an index of regional contractile function. Further subdivision of sections into eight sectors was carried out in a standardized manner using the center of the lumen and internal landmarks of the left ventricle. FAC was then computed for each of the eight segments to assess function in ischemic and nonischemic zones.
Pathologic Study
At the time of sacrifice, the hearts were promptly (less than 60 seconds) excised, and cut as rapidly as possible from apex to base into five to seven transverse slices (of 0. 
Hemodynamics
In the 3-hour series, there were no significant differences in hemodynamics between treated and untreated dogs before or 30 minutes and 3 hours after occlusion. Compared with the untreated controls, which exhibited a further drop in LV stroke volume and increased the rate-pressure product, LV end-diastolic pressure and systemic vascular resistance, HSRP applied between 30 and 180 minutes significantly lowered the double product (21.3 ± 4.0%), LV end-diastolic pressure (39.4 ± 9.5%) and systemic vascular resistance (12.5 ± 5.9%), while increasing LV stroke volume (4.5 + 8.3%). Other differences were nonsignificant.
Comparing HSRP vs controls in the extended series, heart rate decreased 8.1 ± 7.0%, vs an increase of 27.1 ± 5.8%; mean aortic pressure was reduced by 21.5 ± 3.6%, vs a decrease of 12.1 ± 6.3%; the double product dropped 26.8 ± 8.2%, vs an increase of 16.8 ± 9.2%, and LV end-diastolic pressure dropped 51.4 ± 7.7%, vs a slight reduction of 6.3 ± 13.7% ( fig. 2 ). Differences in other measurements were not significant.
HSRP caused no arrhythmias. The only instances of premature ventricular complexes occurred in both treated and untreated dogs very early after the coronary occlusion (within the 30-minute LAD occlusion period).
Closed-chest Temperature Measurements
After a reduction of 0.67 ± 0.22°C durirng the first 30 minutes of LAD occlusion, temperature distal to the balloon occlusion dropped rapidly with HSRP by 4.85 ± 0.79°C. This was significant compared with a gradual decrease by 2.04 ± 0.42°C measured rectally. The LAD temperature level remained substantially above the 20°C level instituted at the extracorporeal HSRP pump, indicating moderate myocardial hypothermia. Recent measurements with implanted thermistors in two dogs indicated that during the HSRP treatment, subepicardial temperatures in the ischemic and nonischemic zones decreased at most by several degrees, and did not drop below 30°C. These measurements appear consistent with moderate hypothermia and small myocardial temperature gradients.
L V Function Figure 3 shows the sequential cineangiographic measurements of LV ejection fraction in untreated and treated dogs with a 3-hour LAD occlusion. There were no differences between the series before and 30 minutes after LAD occlusion, but HSRP resulted in a significant (though partial) return of global LV function. Figure 4 illustrates the type of computer-assisted 2 D echo quantitation of papillary level LV short-axis cross sections performed in the control state and after coronary occlusion. Normal contraction with uniform inward wall motion, evident before coronary occlusion, changed promptly to distinctly deranged (akinetic or dyskinetic) anterior and anteroseptal wall motion, with some hypofunction in more remote segments. This dysfunction persisted in the absence of treatment, whereas in the HSRP-treated dogs, contraction tended to return toward normal despite maintained LAD occlusion.
Sequential reconstructive 2D echo studies of LV volumes, stroke volumes and ejection fraction were performed in all dogs with a 6-hour LAD occlusion. Figures 5 and 6 are a comparison of HSRP vs control series and show a major reduction of both end-diastolic and end-systolic LV volumes by the HSRP treatment, resulting in a significant increase in LV ejection fraction between 30 minutes and 6 hours. In contrast, volumes remained elevated and ejection fraction decreased further in untreated controls.
Detailed analysis of 2D echo short-axis cross-sections at different levels of the left ventricle yielded further data on HSRP effects. At the higher level of the left ventricles, sectional cardiac function was returned to normal by the HSRP treatment. At the lowest level, function was improved, but remained below control ( fig. 7) Figure 9 illustrates the extent of both glycogen-depleted and necrotic zones in adjacent low papillary muscle level slabs of an untreated control dog, sacri- Using standardized subdivision' into eight sectors, analysis ofsegmental FA C shows dyskinesis in the anteroseptal ischemic region, with progressively less regional dysfunction in more distant segments. Hypokinesis appears to be due to the broad'impact of LAD occlusion on function at the low level of the ventricle.
ficed 6 hours after coronary occlusion. The size of necrotic and ischemic areas are similar. Figure 10 shows, in a similar manner, an HSRP-treated dog.
There is a marked difference in that necrosis is minor 25 Although not systematically measured in this closed-chest preparation, limited data with implanted myocardial thermistors indicated that the retrogradely applied hypothermia was distributed and did not reduce regional myocardial temperature below 30°C. The resulting relatively small temperature gradients may explain why no arrhythmias were encountered in our study. Intravascular temperature distal to the coronary artery occlusion provided indirect data suggesting an early but moderate degree of regional myocardial cooling when the retrogradely delivered blood temperature was lowered to 20°C at the extracorporeal SRP pump.
The hemodynamic changes and improvements in There is no myocardium that fails to stain, indicating that no necrosis is present. In this example, when compared to the previous control, glycogen loss is also less extensive and patchy.
LV function with HSRP are generally in accord with previous investigations of SRP,6 except that the significant drop in systemic vascular resistance usually observed with SRP alone appeared to be reduced or absent with HSRP. The addition of hypothermia was beneficial and had no deleterious effects.
Coronary venous retroperfusion is a particularly attractive approach when there is poor access to an acutely ischemic region of the heart.27-30 Global interruption of coronary venous drainage can be deleterious and cause a high degree of tissue edema, which impedes the retrograde retroperfusion.31 32 Several investigators have used a regionally administered retroperfusion;33 3" however, the infusion still required permanent occlusion of the regional coronary vein, precluding appropriate drainage flow. To hemorrhages. The benefits demonstrated. in our SRP studies, have been corroborated37 38 and revealed that ischemic zone myocardial.perfusion is significantly increased.39 Retroinfusate penetration into the capillary microcirculation was also demonstrated in our study using colloidal carbon.
The rationale for supplemental myocardial hypothermia was to maintain viability and protect jeopardized tissue by reducing cellular metabolism. 40 49 The effects of myoc'ardial cooling on perfusion, function and tissue viability have been the subject of intensive study, primarily in the arrested heart, in relation to established cardiac surgical procedures without or with cardioplegic solutions. Profound cooling could lead to I El CONTROLS (N=9) E HSRP (N=13) specific region of the heart is inherently limited, the existence of coronary venovenous shunting is useful in distributing flows to different regions of the heart and minimizing potentially damaging buildup of intravascular pressure. An ischemic zone distal to the left circumflex coronary artery occlusion can be treated by coronary sinus HSRP. Right coronary occlusions were not studied.
The maximal possible efficiency of SRP delivery is believed to be 50-60%.39 As long as the induced pressure and flow within the coronary veins do not exceed 50 mm Hg and 80 ml/min, respectively, experience in our laboratory indicates insignificant damage to the heart from SRP. Long-term application of nonsynchronized retroperfusion may require maintenance of even lower pressures within the coronary veins.50 The mean regional coronary venous pressure during our studies was generally less than 30 mm Hg. While coronary venous retroinfusion pressures and flows must be limited, several investigators have noted a preferential retroinfusate delivery to the ischemic region23 and endocardium ' " Effective diastolic retrograde delivery of hypothermia into the ischemic myocardium might be achieved through intramural channels even in the absence of transcapillary perfusion. Because of the distributing effects of coronary venovenous shunts, the cooled myocardium encompasses portions of the nonischemic zone, and ventricular temperature gradients are thus minimized. Profound HSRP cooling might have to be avoided to exclude arrhythmias. Further experimental study should evaluate retrograde hypothermia applied after longer periods of coronary occlusion and during only partly effective interventions.
Adequacy of Measurements For Assessment of the Intervention
One of the principal end points of this study was the extent of necrosis developed within the induced acutely ischemic territory. Recent histologic and electron microscopic validations in our laboratory,25 confirm the ability of quantitating the zone of irreversible injury with TTC after coronary occlusion periods of 3 hours or shorter. Compared with untreated controls with a similar period and level of coronary occlusion, HSRP generally resulted in only minor necrosis.
To avoid dog-to-dog variability and erroneous conclusions from experimental studies of proposed treatments of acute ischemia, myocardial infarction must be related to a zone at risk, usually defined as the area with a severe perfusion deficit due to coronary obstruction. The TTC-delineated area of necrosis in LV sections was related to a posttreatment area of myocardial glycogen depletion in equivalent adjacent surfaces. This zone depends on the primary underperfusion as well as on spontaneous or imposed alterations in oxygen demands.8 Glycogen loss is an early and reliable index of acute myocardial ischemia and a return of glycogen is delayed substantially even when perfusion is reestablished. A practical experimental method has been devised to delineate the zone of glycogen depletion in LV slabs obtained from treated or untreated dogs. 
